Sulfite is produced as a toxic intermediate during Acidithiobacillus ferrooxidans sulfur oxidation. A. ferrooxidans D3-2, which posseses the highest copper bioleaching activity, is more resistant to sulfite than other A. ferrooxidans strains, including ATCC 23270. When sulfite oxidase was purified homogeneously from strain D3-2, the oxidized and reduced forms of the purified sulfite oxidase absorption spectra corresponded to those of A. ferrooxidans aa 3 -type cytochrome c oxidase. The confirmed molecular weights of the -subunit (52.5 kDa), the -subunit (25 kDa), and the -subunit (20 kDa) of the purified sulfite oxidase and the N-terminal amino acid sequences of the -subunit of sulfite oxidase (AAKKG) corresponded to those of A. ferrooxidans ATCC 23270 cytochrome c oxidase. The sulfite oxidase activities of the iron-and sulfurgrown A. ferrooxidans D3-2 were much higher than those cytochrome c oxidases purified from A. ferrooxidans strains ATCC 23270, MON-1 and AP19-3. The activities of sulfite oxidase purified from iron-and sulfur-grown strain D3-2 were completely inhibited by an antibody raised against a purified A. ferrooxidans MON-1 aa 3 -type cytochrome c oxidase. This is the first report to indicate that aa 3 -type cytochrome c oxidase catalyzed sulfite oxidation in A. ferrooxidans.
Acidithiobacillus ferrooxidans is an iron-oxidizing bacterium that oxidizes not only ferrous iron but also reduced sulfur compounds. It is one of the most important microorganisms in the bioleaching of sulfide ores containing both iron and sulfur. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] In the bioleaching process metal ions are solubilized from sulfide ores directly by A. ferrooxidans cells (a direct bioleaching mechanism) or indirectly by ferric ion produced by iron oxidation caused by A. ferrooxidans cells (an indirect bioleaching mechanism). 1, 4, 10, 11) Recently, a thiosulfate mechanism and a polysulfide mechanism were proposed for the bioleaching of metal sulfides by Sand and Schippers, [6] [7] [8] in which metal sulfides are first degraded by chemical attack by Fe 3þ or protons. In the thiosulfate mechanism, the disulfides pyrite (FeS 2 ), molybdenite (MoS 2 ), and tungstenite (WS 2 ) are degraded via the main intermediate, thiosulfate, which is then degraded to sulfate and elemental sulfur. In the polysulfide mechanism, metal sulfides such as galena (PbS), sphalerite (ZnS), and chalcopyrite (CuFeS 2 ) are degraded by Fe 3þ and proton attack to produce polysulfides and elemental sulfur as the main intermediates. The thiosulfate, polythionate, and elemental sulfur produced by these two mechanisms are oxidized by the biological action of iron-or sulfur-oxidizers such as A. ferrooxidans and Acidithiobacillus thiooxidans. [6] [7] [8] In the bioleaching mechanism proposed, bacteria active in the reproduction of ferric iron are important in the enhanced bioleaching of sulfide ores. Hence it appears plausible that the A. ferrooxidans strains which have high iron oxidase activity are preferable for more efficient bioleaching.
There are several reports on enzymes that markedly affect the bioleaching activity of A. ferrooxidans. We have found that both iron oxidase and hydrogen sulfide:ferric ion oxidoreductase (SFORase) [H 2 S þ 6Fe 3þ þ 3H 2 O ! H 2 SO 3 þ 6Fe 2þ þ 6H þ ] are crucial in Cu-bioleaching by A. ferrooxidans AP19-3, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] but when the levels of iron oxidase, SFORase, and Cubioleaching activities were compared among 67 strains of iron-oxidizing bacteria isolated from natural environments, no significant differences were observed in the growth rates in iron medium or in the levels of iron oxidase activities. A marked difference was observed in the activity of the enzyme involved in the first step of sulfur oxidation in A. ferrooxidans, viz., SFORase. 22, 23) The A. ferrooxidans strains, which have higher SFORase activity than other A. ferrooxidans strains, showed higher Cu-bioleaching activity. 22) In contrast, the A. ferrooxidans strains, which have lower SFORase activity, showed lower Cu-bioleaching activity. 22) These results suggest that if the iron oxidase activity in all A. ferrooxidans strains is nearly the same, the level of SFORase activity in the cells influences the Cubioleaching activity of the cells more profoundly.
A. ferrooxidans strain D3-2, which was isolated from a low-grade sulfide ore dump at a copper mine in Chile, had approximately 3-fold higher Cu-bioleaching activity but 3-fold lower iron oxidase activity than that of A. ferrooxidans ATCC 23270 cells. 23) During study of this phenomenon, we found that A. ferrooxidans D3-2 had sulfite resistant-sulfite oxidase. 23) Sulfite is an intermediate produced during sulfur oxidation in y To whom correspondence should be addressed. Tel/Fax: +81-86-251-8306; E-mail: sugio@cc.okayama-u.ac.jp A. ferrooxidans and is harmful to iron oxidase and SFORase, 13, [15] [16] [17] 21, [24] [25] [26] [27] [28] but there have been few reports on the enzyme involved in sulfite oxidation in A. ferrooxidans. Sulfite oxidase (sulfite:cytochrome c oxidoreductase) which uses horse-heart cytochrome c and ferricyanide as electron acceptors, was partially purified from sulfur-grown Thiobacillus ferrooxidans.
29)
Sulfite:ferric ion oxidoreductase, which uses Fe 3þ as an electron acceptor and sulfite as an electron donor to produce Fe 2þ
þ , has been purified from A. ferrooxidans AP19-3. 15, 17) Here we report that aa 3 -type cytochrome c oxidase purified homogeneously from A. ferrooxidans strains catalyzed sulfite oxidation. This conclusion was confirmed by purified A. ferrooxidans D3-2 sulfite oxidase absorption spectrum results, the N-terminal amino acid sequences of the sulfite oxidase -subunit (AAKKG), and inhibition experiments with antibody raised against purified A. ferrooxidans aa 3 -type cytochrome c oxidase. This is the first report that aa 3 -type cytochrome c oxidase is involved in sulfite oxidation in A. ferrooxidans.
Materials and Methods
Microorganisms, medium, and conditions of cultivation. The ironoxidizing bacteria used in this study were A. ferrooxidans D3-2, 23) A. ferrooxidans ATCC 23270, A. ferrooxidans MON-1, [30] [31] [32] and A. ferrooxidans AP19-3.
18) The iron-and sulfur-media (pH 2.5) used in the cultivation of A. ferrooxidans strains contained ferrous sulfate (3%) or elemental sulfur (1%) and (NH 4 ) 2 SO 4 (3.0%), K 2 HPO 4 (0.05%), MgSO 4 . 7H 2 O (0.05%), KCl (0.01%), and Ca(NO 3 ) 2 (0.001%). Iron-grown cells of A. ferrooxidans strains D3-2, ATCC 23270, MON-1, and AP19-3 were obtained by cultivation under aerobic conditions at 30 C in an electrolytic cultivation apparatus under potentiostatic conditions. 32) Elemental sulfur-grown A. ferrooxidans strains were cultured in 300 ml of sulfur medium (pH 2.5) in 3,000 ml-Erlenmeyer flasks by shaking at 30 C. 33, 34) Seven liters each of the A. ferrooxidans strains grown in elemental sulfur medium for 6 d were centrifuged at 10;000 Â g to collect cells. The harvested cells were washed 3 times with 0.1 M -alanine-SO 4 2À buffer (pH 2.0) and suspended in the same buffer.
Sulfite oxidase activity. Activity was determined by measuring the decrease in the sulfite concentration in the reaction mixture under aerobic conditions. The reaction mixture used for determination of the activity of the resting cells was composed of 2.0 ml of 0.1 M -alanine-SO 4 2À buffer pH 3.0, washed intact cell (0.1 mg protein), and sodium bisulfite (4 mmol). The total volume was 3.0 ml. The reaction mixture (3.0 ml) used for the determination of sulfite oxidase activity with purified enzyme was composed of 2.0 ml of 0.1 M sodium phosphate buffer (pH 6.5), purified enzyme (5-10 mg), and sodium bisulfite (10 mmol). The reaction was carried out by shaking the reaction mixture at 30 C. A sample of the reaction mixture (0.2 ml) was withdrawn and centrifuged at 12;000 Â g for 2 min, and the concentration of sulfite in the supernatant (0.1 ml) was determined spectrophotometrically by the pararoseaniline method. 15, 17) One unit of sulfite oxidase was defined as the amount of enzyme catalyzing the oxidation of 1 mmol of sodium bisulfate in 1 min under the conditions imposed.
Cytochrome c oxidase activity. The activity of cytochrome c oxidase was measured as the decrease in absorbance at 550 nm due to the oxidation of reduced mammalian cytochrome c (Nakalai Tesque, Kyoto, Japan, from horse heart) at 30 C using a Shimadzu UV-1700 spectrophotometer (Shimadzu, Kyoto, Japan). The reaction mixture contained a purified cytochrome c oxidase, reduced cytochrome c (0.4 mg), and 0.1 M acetate buffer, pH 4.2. The total volume was 0.4 ml. The reduced cytochrome c was prepared by reducing oxidized cytochrome c with sodium ascorbate. After reduction of the cytochrome c, the reaction mixture was passed through a Sephadex G-25 column to remove excess sodium ascorbate. One unit of cytochrome c oxidase was defined as the amount of enzyme that catalyzes the oxidation of 1 mmol of reduced cytochrome c in 1 min.
Preparation of antibody. Antibody against the purified cytochrome c oxidase was raised in a male Japanese white rabbit with a mixture of equal volumes of Freud's complete adjuvant and 0.5 mg of antigen cytochrome c oxidase from A. ferrooxidans MON-1. 30, 32) The animal received the injection 5 times in 10 weeks, and was bled after sufficient antibody production was confirmed by double immunodiffusion analysis. Enrichment of IgG was done by (NH 4 ) 2 SO 4 fractionation, as follows: the rabbit serum was mixed with an equal volume of saturated (NH 4 ) 2 SO 4 in 50 mM phosphate buffer pH 7.0. The washed precipitate was dissolved in 20 mM phosphate buffer, pH 7.0, and dialyzed for 1 week against the same buffer. The same dialysis treatment was repeated. The dialyzed solution was centrifuged, and the supernatant was stored at À70 C until needed.
Purification of sulfite oxidase. Iron-and sulfur-grown A. ferrooxidans cells were incubated in 0.1 M -alanine-SO 4 2À buffer pH 2.0 containing 2% 1-O-n-octyl--D-glucopyranoside (OGL) and 1 M Na 2 SO 4 for 1 h to extract sulfite oxidase. After solubilization treatment with OGL, the solution was centrifuged at 105;000 Â g for 60 min to obtain the supernatant fraction (2% OGL extract). Solid ammonium sulfate was slowly added to the 2% OGL extract to give a 45% concentration. The red precipitates (cytochromes) produced in the solution were precipitated by centrifugation at 10;000 Â g for 15 min. The supernatant obtained after 45% ammonium sulfate fractionation was collected and applied to a Phenyl-TOYOPEARL 650M column (2 by 10 cm) equilibrated with 0.1 M -alanine-SO 4 2À buffer pH 3.0 containing 0.2% OGL and 1.0 M ammonium sulfate. The sulfite oxidase fraction from the previous step was further applied to a Sephadex G-100 column (1.5 by 70 cm) equilibrated with 0.1 M -alanine-SO 4 2À buffer pH 3.0 containing 0.2% OGL and 1.0 M ammonium sulfate. Finally, the enzyme fraction was applied to a SuperdexÔ 75 column (2 by 20 cm) equilibrated with 0.1 M -alanine-SO 4 2À buffer pH 3.0 containing 0.2% OGL and 1.0 M ammonium sulfate. The sulfite oxidase fraction obtained after SuperdexÔ 75 column chromatography was used in this study.
Protein content. The protein content was measured by the Lowry method, with crystalline BSA as the standard.
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Results
Effects of sodium cyanide on the sulfite oxidase activity of A. ferrooxidans D3-2
The effects of sodium cyanide on sulfite oxidase activity were measured with resting cells of iron-and sulfur-grown A. ferrooxidans D3-2. Both activities were strongly inhibited by 0.1 mM sodium cyanide (NaCN), suggesting that cytochrome c oxidase is involved in sulfite oxidation in A. ferrooxidans strain D3-2 (Fig. 1) . We have found that A. ferrooxidans cells grown on iron and sulfur have the same aa 3 -type cytochrome c oxidase. 33, 34) Hence sulfite oxidase was purified from A. ferrooxidans strains D3-2, ATCC 23270, MON-1, and AP19-3 cells grown on iron in an electrolytic cultivation apparatus, because more cells were obtained by electrolytic cultivation than by batch culture on sulfur.
Purification of sulfite oxidase from A. ferrooxidans D3-2 Sulfite oxidase was purified from A. ferrooxidans D3-2 cells grown on iron. The resting cells were suspended in 0.1 M -alanine-SO 4 2À buffer pH 2.0 with 2% 1-O-n-octyl--D-glucopyranoside (OGL) and 1 M sodium sulfate, incubated for 1 h at 30 C, and centri-fuged at 105;000 Â g for 1 h to obtain the supernatant. Sulfite oxidase activity was detected in the supernatant. The results of a typical purification are summarized in Table 1 . The procedure resulted in 65-fold purification over the supernatant fraction, with a yield of 6%. The final purified sulfite oxidase (48 mU/mg protein/min) showed absorption peaks at 440 and 595 nm in the reduced form, and at 425 and 595 nm in the oxidized form, respectively (Fig. 2) , indicating that these oxidized and reduced spectra corresponded with those of the A. ferrooxidans aa 3 -type cytochrome c oxidase. [36] [37] [38] The purified sulfite oxidase was composed of three subunits with molecular masses of 52.5 kDa (-subunit), 25 kDa (-subunit), and 20 kD (-subunit) (Fig. 3) , indicating that the subunits composition and molecular masses also correspond with the A. ferrooxidans aa 3 -type cytochrome c oxidase. 34, [36] [37] [38] The purified sulfite oxidase still had faint contaminated protein bands below -and -subunits.
N-Terminal amino acid sequencing of five residues of the 20 kDa band of the sulfite oxidase -subunit was carried out. The sequence obtained was AAKKG. Searching for these sequences using the websites of the Institute of Genomic Research and the National Center for Biotechnology Information http://WWW.ncbi.nlm. nih.gov/projects/gorf/ and GENETYX software showed that the above sequences are the same as that of the -subunit of A. ferrooxidans ATCC 23270 cytochrome c oxidase. When the reduced mammalian c was used as electron donor, the final purified sulfite oxidase showed nearly the similar cytochrome c oxidase activity (35 mU/mg protein) as A. ferrooxidans ATCC 23270 grown on sulfur (38 mU/mg protein) 33) and A. ferrooxidans AP19-3 and OK1-50 grown on iron (24 mU/mg protein and 30 mU/mg protein, respectively).
38) The cytochrome c oxidase activity of A. ferrooxidans D3-2 sulfite oxidase was completely inhibited by 0.1 mM NaCN (data not shown).
To confirm further that the A. ferrooxidans D3-2 cytochrome c oxidase is involved in sulfite oxidation, the effects of an antibody raised against a purified A. ferrooxidans MON-1 cytochrome c oxidase 32) on sulfite oxidation were studied. The sulfite oxidase activities due to cytochrome c oxidase purified from strains D3-2 and MON-1 were completely inhibited by 200 mg/ml of the antibody (Fig. 4) . The sulfite oxidase activities due to cytochrome c oxidases purified from iron-grown A. ferrooxidans strains ATCC 23270 and AP19-3 and from sulfur-grown A. ferrooxidans strains D3-2 and ATCC 23270 were also completely inhibited by 200 mg/ml of the antibody (data not shown).
Sulfite oxidase activity of A. ferrooxidans strains We have found that A. ferrooxidans strain D3-2 is more resistant to sulfite than A. ferrooxidans ATCC 23270. 23) In contrast, A. ferrooxidans strain AP19-3 is the most sensitive to sulfite among the strains tested. 18, 20, 24, 25, 32, 33, 38) Sulfite oxidase activities were compared with cytochrome c oxidases purified from A. ferrooxidans strains D3-2, ATCC 23270, MON-1, and AP19-3 as enzyme sources. The purification steps used for the cytochrome c oxidases of strains ATCC 23270, MON-1, and AP19-3 were the same as those used for strain D3-2. The sulfite oxidase activities of iron-and sulfur-grown A. ferrooxidans D3-2 were approximately 2-fold higher than those of iron-and sulfur-grown A. ferrooxidans ATCC 23270 (Fig. 5) . The sulfite oxidase activity of strain AP19-3, which is the most sensitive to sulfite of the A. ferrooxidans strains tested, was the lowest.
Reduction of cytochrome c oxidase by sulfite When 1 mmol of sulfite was added to 3.0 ml of a reaction mixture (pH 3.0) containing purified D3-2 sulfite oxidase, the -peak in the enzyme increased, indicating that sulfite reduced the enzyme (Fig. 6) . In addition to the increase in the -peak, a shoulder due to the formation of a reduced form of the -peak was observed near at 440 nm. The reduction of a purified cytochrome c oxidase by ferrous iron was also studied as a control experiment to further confirm direct reduction of the enzyme by the sulfite ion. A similar increase in the -peak in the enzyme was obtained by the addition of 1 mmol Fe 2þ to the reaction mixture. These results indicate that cytochrome c oxidase is reduced not only by ferrous iron but also by sulfite.
Discussion
Typically, sulfite is a toxic compound that strongly inhibits the iron oxidase, sulfur oxidase, and copper bioleaching activities of A. ferrooxidans. 13, [15] [16] [17] 21, [24] [25] [26] [27] [28] It has been found that sulfite ion is produced as an intermediate during the elemental sulfur oxidation of A. ferrooxidans. 13, [15] [16] [17] 21, [24] [25] [26] [27] In the case of A. ferrooxidans, many studies of the enzymes involved in elemental sulfur-and tetrathionate-oxidation have been published. In contrast, there have only been a few reports on the enzymes involved in sulfite oxidation in A. ferrooxidans. Hence it is very important to clarify the mechanism of sulfite oxidation in the bacterium. We have found that A. ferrooxidans D3-2, possessing high copper bioleaching activity, is more resistant to toxic sulfite than other A. ferrooxidans strains, including ATCC 23270. 23) In this study, we purified sulfite oxidase from strain D3-2 and found that the enzyme purified as sulfite oxidase corresponds aa 3 -type cytochrome c oxidase, which plays a crucial role in iron oxidation of A. ferrooxidans. All of the cytochrome c oxidases including the cytochrome c oxidases purified from ironand sulfur-grown A. ferrooxidans strains D3-2 and ATCC 23270 and from iron-grown A. ferrooxidans AP19-3 and MON-1, had sulfite oxidase activities. These activities were completely inhibited by the antibody raised against the aa 3 -type cytochrome c oxidase purified from A. ferrooxidans MON-1.
It is very interesting from a physiological point of view that the sulfite oxidase activities of the iron-and sulfur-grown A. ferrooxidans D3-2 were much higher than the cytochrome c oxidases purified from A. ferrooxidans strains ATCC 23270, MON-1, and AP19-3. These results suggest that the levels of sulfite resistance in A. ferrooxidans are intimately related to the resistance of the cell's cytochrome c oxidase to sulfite. We reported recently that the level of mercury resistance of A. ferrooxidans corresponded well with the levels of mercury resistance of cytochrome c oxidase. 30) We found that A. ferrooxidans ATCC 23270 cells have high iron oxidase and cytochrome c oxidase activities, as compared to those of iron-grown cells even though the cells were grown on sulfur. 33, 34) The iron oxidation enzyme system was reconstituted from rusticyanin, two types of cytochrome c (Cyc1 and Cyc2), and aa 3 -type cytochrome oxidase partially purified from sulfur-grown ATCC 23270 cells. 34) This indicates that sulfur-grown ATCC 23270 cells have the same iron oxidation enzyme system as iron-grown ATCC 23270 cells and suggests that the synthesis of iron oxidase during growth on sulfur has significance for A. ferrooxidans cells in obtaining their energy from sulfur. A. ferrooxidans cells have enzyme systems involved not only in ferrous iron oxidation but also in ferrous iron production, with ferric iron as electron acceptor and reduced sulfur compounds such as elemental sulfur and tetrathionate as electron donor. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] 39) This indicates that the Fe 2þ production by SFORase, sulfite:ferric ion oxidoreductase and Fe 3þ reductase (tetrathionate hydrolase) is one of the reasons A. ferrooxidans ATCC 23270 cells synthesize iron oxidation enzyme systems, including aa 3 -type cytochrome c oxidase, during growth on sulfur. The finding that aa 3 -type cytochrome c oxidase has sulfite oxidase activity also verifies that A. ferrooxidans has a high level of iron oxidase and cytochrome c oxidase activities during growth on sulfur.
Sulfite reduced c-type cytochrome (cyc1 + cyc2) purified partially from A. ferrooxidans D3-2, but not rusticyanin purified partially from strain D3-2 (data not shown). Summarizing our results, sulfite is oxidized by at least three routes in A. ferrooxidans: (i) direct oxidation of sulfite by cytochrome c oxidase, (ii) oxidation of sulfite by c-type cytochrome and then oxidation of reduced cytochrome c by cytochrome c oxidase, and (iii) oxidation of sulfite with Fe 3þ by sulfite:ferric ion oxidoreductase, and then oxidation of Fe 2þ by iron oxidation enzyme system in A. ferrooxidans. To clarify the mechanisms of sulfite oxidation in A. ferrooxidans more precisely, further studies are needed to make clear the contribution of these three routes to sulfite oxidation in A. ferrooxidans and the reason the activity of sulfite oxidation by a purified cytochrome c oxidase from strain D3-2 is higher than those by purified enzymes from strains ATCC 23270, MON-1, and AP19-3.
